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Polyubiquitin chains linked through different lysines of ubiquitin may exert both proteasome-dependent
and -independent functions. In a recent Cell issue, Xu et al. employ quantitative proteomics to profile poly-
ubiquitin linkages in yeast. They find that linkages through all lysines of ubiquitin, except lysine-63, can target
proteasomal degradation in vivo, and that lysine-11 polyubiquitination is important for endoplasmic retic-
ulum-associated degradation (ERAD).Protein ubiquitination has emerged as
a central mechanism regulating diverse
biological processes. Indeed, proteins
devoted to ubiquitin conjugation, deconju-
gation, and recognition constitute one of
the largest families in eukaryotic proteome.
Thus, thecomplexityof ubiquitination rivals
that of phosphorylation. Furthermore, all
seven lysines of ubiquitin can be conju-
gated to another ubiquitin to form polyubi-
quitinchainsofdifferent topologies.Asout-
lined ina recent issueofCell, Xuetal. (2009)
now employ quantitative mass spectrom-
etry to profile polyubiquitin linkages in cells
and provide new insights into the in vivo
functions of diverse polyubiquitin chains.
Ubiquitination is a three-step enzymatic
reaction carried out by distinct classes of
enzymes (E1, E2, and E3; Figure 1A).
Theseenzymesnotonlycatalyze thecova-
lent conjugation of ubiquitin to specific
protein substrates, but also promote the
formation of long polyubiquitin chains
through one of seven lysine residues (K6,
K11,K27,K29,K33,K48, andK63)of ubiq-
uitin (Figure 1B). Genetic studies in yeast,
showing that point mutations in K48 are
lethal, while mutations in other lysines are
not, provided the first hint that not all
lysines are created equal (Chau et al.,
1989; Spence et al., 1995). The K48R
mutation disrupts protein degradation
and cell-cycle progression, suggesting
that K48-linked polyubiquitin chains are
the principal targeting signal for proteaso-
mal degradation. Yeast genetic studies
also suggested a role for K63-linked poly-
ubiquitin chains in DNA repair and stress
response (Arnason and Ellison, 1994; Hof-
mann and Pickart, 1999; Spence et al.,
1995), although it was unclear at the time
whether proteasomal degradation wasinvolved. Direct evidence that K63 polyu-
biquitination has nonproteolytic functions
came from biochemical studies showing
that IKK, a kinase regulating the transcrip-
tion factor NF-kB, can be activated by K63
polyubiquitination in the absence of the
proteasome (Chen et al., 1996; Deng
et al., 2000). While accumulating evidence
suggests that K63 polyubiquitination
serves a nonproteolytic role in different
cellular processes, including DNA repair
and vesicle trafficking, in vitro studies
show that proteins conjugated by K63
ubiquitin chains can still be efficiently
degraded by the proteasome (Hofmann
and Pickart, 2001). Therefore, a compre-
hensive study of the roles of different
polyubiquitin linkages is long overdue.
Using mass spectrometry to quantify
different ubiquitin linkages in affinity-
purified ubiquitinated proteins from yeast
cells,Xuetal.detectednotonly theconven-
tional K48 linkages but also abundant
‘‘unconventional’’ polyubiquitin chains
linked through all other lysines of ubiquitin.
No linear polyubiquitin chains (linked
through the N terminus of one ubiquitin
and theC terminus of apreceding ubiquitin)
were detected in this study. Interestingly,
K11 linkages are almost as common as
K48, followed by K63. To investigate the
kinds of ubiquitin chains targeted to the
proteasome, the authors followed several
strategies. When cells were treated with
proteasome inhibitors, all but K63 polyubi-
quitin chains were enriched. Similarly, in
yeast strains with mutations in proteasome
components, K11 and K48, but not K63,
linkages were enriched. A previous study
has shown that K11 polyubiquitination of
cyclinB1 leads to its proteasomal degrada-
tion in Xenopus extracts and human cellsDevelopmental Ce(Jin et al., 2008). Together, these results
suggest that all unconventional polyubiqui-
tin chains,with theexceptionofK63chains,
could target proteasomal degradation
in vivo. However, it remains possible that
certain substrates modified by K63 chains
are degraded by the proteasome but
somehow escaped detection by mass
spectrometry. Similarly, this study does
not exclude the possibility that unconven-
tional or even the conventional (K48)
polyubiquitin chains have nonproteolytic
functions. Indeed, K48 polyubiquitination of
a yeast transcription factor (Met4)
inhibits its function through a protea-
some-independent mechanism (Flick
et al., 2004).
Are all seven lysines of ubiquitin impor-
tant for cellular functions? To address this
question, Xu et al. constructed yeast
strains in which lysine residues were
substituted by arginine individually or in
combination. They not only confirmed
that K48R substitution is lethal, but also
showed that ubiquitin containingK48alone
(theother six lysinesweremutated) failed to
rescue the lethality defect. A ubiquitin con-
taining only three lysines (K29, K33, and
K48) rescued viability but was highly
defective in growth. Although K11 and
K63 linkages are highly abundant, the
mutant strains R11 and R11R63 were not
defective in growth and there was no
apparent compensatory increase in the
abundance of other polyubiquitin linkages
in these strains. However, further perturba-
tion of unconventional ubiquitin chains
(R11R27R63 and R6R11R27R63) resulted
in slower growth and an increase in the
abundance of the remaining ubiquitin link-
ages. These results sugges that K48 alone
is insufficient to support viability in yeast,ll 16, April 21, 2009 ª2009 Elsevier Inc. 485
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PreviewsFigure 1. Ubiquitination and Proteasomal Degradation of Ubiquitinated Substrates
(A) Schematic illustration of the ubiquitination cascade of a substrate and its subsequent degradation by
the 26S proteasome.
(B) Structure of ubiquitin (PDB code: 1UBQ) showing seven lysine residues of ubiquitin and the functional
consequence of different types of lysine linkages in polyubiquitin chains.
(C) Role of K11 polyubiquitination in endoplasmic reticulum-associated degradation (ERAD). Misfolded
proteins in the ER are ubiquitinated by membrane-bound E2 and E3 enzymes through K11 of ubiquitin.
The ubiquitinated proteins are extracted to the cytosol and then degraded by the 26S proteasome.implying that unconventional polyubiquitin
chains together with K48-linked chains
are important for cell survival. However,
it remains possible that multiple lysine
mutations interfere with K48 polyubiquiti-
nation.
To address the significance of the highly
abundant K11 linkages, Xu et al. per-
formed stable isotope labeling with amino
acids in cell culture (SILAC) experiments
to identify thesubstratesofK11polyubiqui-
tination. The K11Rmutation inhibited ubiq-
uitination and increased the abundance
of a number of proteins, including Ubc6,
an E2 known to be involved in ERAD.
In vitro experiments showed that Ubc6
catalyzes its own conjugation, predomi-
nantly by K11 polyubiquitin chains. Dele-
tion of Ubc6 in yeast resulted in an 40%
decrease of total K11 linkages but had no
effect on K48 or K63 chains, indicating
that Ubc6 is a major target and catalyst
of K11 ubiquitination in cells.486 Developmental Cell 16, April 21, 2009 ª2Xu et al. then investigated the role of
K11 polyubiquitination in ERAD (Fig-
ure 1C). When ER stress was artificially
induced, K11-linked ubiquitin chains
were selectively enriched, and the K11R
mutant showed growth defects compared
to thewild-typeorK63Rmutant. TheK11R
mutation also enhanced the unfolded
protein response (UPR). Deletion of Ire1,
an ER resident kinase that initiates UPR,
in combination with the K11R mutation
caused a strong synthetic lethality pheno-
type in response to ER stress, strongly
suggesting that K11 polyubiquitination
plays an indispensable role in ERAD.
No hypersensitivity to ER stress was
observed in Ubc6 deficient strain, sug-
gesting that other E2s might also be
involved in K11 polyubiquitination. An E3
ligase responsible for K11 polyubiquitina-
tion appears to be Doa10, which is known
to function with Ubc6 in the ERAD
pathway.009 Elsevier Inc.The study by Xu et al. highlights the
spectacular diversity of polyubiquitin link-
ages in cells and demonstrates that most
unconventional linkagescan targetproteins
for proteasomal degradation. Why, then,
are the lysines of ubiquitin so highly
conserved from yeast to human, and why
does the K48 mutation have a much more
devastating effect on cells than mutations
in other lysines? Perhaps targets essential
for cell-cycle progression and survival are
modified by ubiquitin-conjugating enzymes
that specifically synthesize K48-linked
chains (e.g., Cdc34/Ubc3), whereas ERAD
substrates are modified by ER-resident
E2s that specifically synthesize K11-linked
chains (e.g, Ubc6). Therefore, different
E2s, and in somecases,E2-E3pairs, deter-
mine the topology of polyubiquitin chains,
and the proteasome may not discriminate
among them. Thus, a specific cellular
defectmaybedue to a lack of polyubiquitin
chainsonkey targetproteins rather than the
attachment of a ‘‘wrong’’ type of chain.
Alternatively, it is possible that different
polyubiquitin linkages are recognized by
specific polyubiquitin receptors that may
retard or facilitate degradation of the target
proteins by the proteasome. The latter
possibility would add another layer of
regulation to control the specificity and
kinetics of proteasomal degradation.
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